China's subtropical forests play a vital role in sequestering global carbon; therefore, it is critical to conduct a precise investigation of intra-annual wood formation in these ecosystems to clarify the mechanisms behind this. Two field experiments were established in Chinese subtropical forests to monitor weekly the intra-annual xylem formation of Pinus massoniana Lamb. from January to December 2015, using the recently developed micro-sampling approach. The effects of climate on wood formation were also assessed using linear or mixed models. Results indicate that there is an inactive period that might be semi-dormancy in subtropical pine ecosystems in January compared with the complete dormancy in temperate and boreal ecosystems and the fully active or short-term dormancy in tropical ecosystems. The duration of xylem formation of Chinese red pine in subtropical China in 2015 was 4-6 months longer than temperate and boreal forests. Moreover, trees were found to grow better during the dry season than the wet season, indicating that the Chinese red pine ecosystem is more strongly regulated by net energy than by environmental factors. Our findings indicate that China's subtropical pine forests may benefit from the expected longer dry seasons, possibly leading to better forest growth and improved carbon sequestration under continued climate warming.
Introduction
To better understand how forests are responding to climate warming, it is critical to investigate the growth dynamics of primary and secondary meristems in trees. In the last decade, primary growth of forest trees such as timing of budburst, leaf unfolding and shoot development have been well investigated around the world (Menzel et al. 2006 , Cleland et al. 2007 , Fu et al. 2015 . Growth of the stem cambium and xylem formation has been explored in temperate and boreal forests using the recently developed micro-sampling approach (Deslauriers et al. 2003 , Zhai et al. 2012 , Huang et al. 2014 ). However, investigations of secondary growth in tropical and subtropical forests using the micro-sampling approach are rare (Morel et al. 2015 , Bosio et al. 2016 .
Studies of secondary growth in temperate and boreal forests using the micro-sampling approach reveal that there is an annual cyclic pattern in cambium activities and xylem formation (Deslauriers et al. 2003 , Rossi et al. 2006b , Huang et al. 2011 . These cyclical patterns are a response to the seasonality of dormancy during cold temperatures in winter and active growth during the warmer season , Huang et al. 2014 , Cuny et al. 2015 . In addition, there is consensus that in these ecosystems climate variables are the most important limiting factors for tree growth (Huang et al. 2010 . For example, spring (April-May) temperatures were proven to be the main factors for regulating cambium activities and xylem formation of conifers in mid-high latitudes of the northern hemisphere . Warmer growing season temperatures are related to the formation of more xylem cells (Huang et al. 2011 , Zhai et al. 2012 . In addition, the total xylem cell production in aspen (Populus tremuloides Michx.) and birch (Betula papyrifera Marsh.) is positively related to growing season precipitation (Zhai et al. 2012) . Moreover, coniferous trees in temperate and boreal zones demonstrate a fast growth rate in spring and early summer and a slow growth rate in late summer followed by a full termination in autumn, with the highest rate of xylem cell production around the summer solstice , Huang et al. 2014 .
Studies from tropical and subtropical forests using the same micro-sampling approach indicate that seasonal cambium and apical growth are species-specific (Morel et al. 2015 , Bosio et al. 2016 . For example, cambial and apical growth of Kielmeyera grandiflora (Wawra) Saddi was found to be a seasonal event, with cambium dormancy observed in May during the rainy season in Brazil. Furthermore, temperature and photoperiod were found to be the main factors affecting its xylem formation rather than rainfall (Bosio et al. 2016) . The duration of cambial activity of Parkia velutina [Benoist (Fabaceae)] in tropical rainforest in French Guiana was discovered over an annual cycle (Morel et al. 2015) . Studies of intra-annual wood formation in subtropical forests are still scarce despite there being~1.39 trillion trees in tropical and subtropical forests among 3.04 trillion trees globally (Crowther et al. 2015) . The Asian monsoon system in subtropical China produces mild, dry autumns and winters and hot rainy springs and summers resulting in a long growing season and favorable growing conditions (Wang and Lin 2002) . Due to these favorable conditions, trees in subtropical China are assumed to grow throughout the year (Yan et al. 2012) . Recent studies have also proven that these forests are acting as net carbon sinks and play a critical role in global carbon sequestration (Zhou et al. 2006 , Yan et al. 2012 , Yu et al. 2014 . Despite this, the influence of subtropical climates on the intra-annual ring growth pattern and growth dynamics in these forests remains unclear. It is, therefore, critical to clarify these issues using the micro-sampling approach in China subtropical forest ecosystems within the context of climate change and sustainable forest development.
This paper presents an applied study of subtropical Chinese red pine (Pinus massoniana Lamb.) ecosystems using the microsampling approach. Chinese red pine was selected as the target species because it is one of the most widely distributed and native species in China subtropical forests and has been increasingly planted in China during the past decades due to its high economic and ecological values (Zhou 2001) . The specific goals of the study were to (i) identify the seasonal dynamics of cambium and xylem formation of P. massoniana in subtropical China (e.g., onset and termination of cambial activity, duration and rate of xylem formation) and (ii) test the relationship between xylem formation and climate to better understand how the wood formation of subtropical trees is regulated. It is hypothesized that P. massoniana may have better xylem growth during the dry, mild season in autumn compared with the wet, hot season from April to September.
Materials and methods

Study area
This study was carried out at two permanent experimental sites in South China (Figure 1 ). The sites are influenced by the southwest Asia monsoon climate, with a wet season from April to September.
The first site is located in the Dinghushan Biosphere Reserve (DHS, 112°32′26″E, 23°10′48″N, 256 m above sea level (a.s.l.)), China. Mean annual temperature from 1984 to 2014 was 22.05°C, with the highest monthly mean temperature of 28.81°C in July and lowest monthly mean temperature of 13.39°C in January. Annual precipitation is 1887 mm, with 81% of rain falling during the wet season. The forest is dominated by evergreen species such as Castanea henryi Skan, Schima superba Theaceae and Cryptocarya chinensis Lauraceae, with marginal occurrence of P. massoniana. The main soil types in the site are latosolic red soil and yellow soil.
The second site is located in the Shimentai National Natural Reserve (SMT, 24°23′53″N, 113°11′56″E, 261 m a.s.l.), China. This site is at the northern margin of the Tropic of Cancer, a transitional climate zone from the mid-tropical to subtropical zone in the East Asia monsoon region. Mean annual temperature between 1984 and 2014 was 20.54°C, with the highest mean monthly temperature of 28.30°C in July and lowest mean monthly temperatures of 10.91°C in January. Mean annual total precipitation was 1779 mm, with 76% of the rain falling during the wet season. The subtropical monsoon evergreen forests include Machilus chinensis (Champ. ex Benth.) Hemsl, Rhododendron mariae Hance, S. superba and P. massoniana. Soil type in the site is mountain yellow soil.
Climate data
To assess weather conditions in 2015, daily meteorological data including daily maximum and minimum temperature (°C), total precipitation (mm), relative humidity (%), photosynthetic active radiation (PAR, ) and sunshine duration (h) were obtained from Dinghushan National Biosphere Reserve weather station (500 m away from sample site) and Yingde weather station (2 km from sample site), respectively ( Figure 1 ). In 2015, the annual mean temperature in DHS was 22.47°C, with the lowest and highest mean temperature of 14.40°C in January and 28.70°C in July, respectively (Figure 2 ). The total rainfall in 2015 at DHS was 1614.30 mm, which is lower than mean total rainfall from 1984 to 2014. In SMT, the annual mean temperature was 21.96°C, with the lowest and highest mean temperatures of 13.20°C in January and 29.00°C in July, respectively. The total annual rainfall was 2148.20 mm, which is higher than mean total rainfall from 1984 to 2014. From the perspective of the historical annual rainfall pattern, the daily weather data of 2015 showed that 66% of rain fell during the wet season (from April to September) in DHS, while 70% of rain fell in the wet season in SMT. With the exception of a few days of heavy rainfall at the latter half of the growing season, more rain-free days were recorded in the latter part of the growing season at both sites, i.e., from mid-September to November in DHS, and from August to November in SMT, respectively.
To investigate the potential effects of climate on wood formation, a series of average meteorological variables over a 7-day and 10-day period prior to the sampling date, which were commonly used in the field of intra-annual wood formation (Gričar et al. 2006 , Huang et al. 2011 , Zhai et al. 2012 , Prislan et al. 2016 , were calculated. The variables included maximum, mean, minimum temperature and total precipitation, and relative humidity.
Tree selection and lab preparation
In this study, four upright trees of P. massoniana were randomly selected per site. This number meets the basic requirement of a minimum of three trees necessary for a micro-sampling study (Lupi et al. 2014) . From January to December 2015, microcores were extracted each week along the stem at 1-1.3 m above ground using a Trephor (Rossi et al. 2006a ). The microcores were taken at least 5 cm apart from each other to avoid any disturbance from the nearby sampling points. The samples were 2 mm in diameter and 20-30 mm in length, containing the previous three to five xylem rings and cambium zone with the adjacent phloem (Rossi et al. 2006a) . After sampling, the microcores were immediately put in 50% ethanol solution and stored at 4°C to avoid tissue deterioration.
A total of 436 microcores were collected for the study. Samples were dehydrated in successive ethanol solutions (70%, 90%, 95% and 100%) and pure D-limonene, and embedded in paraffin. Transverse sections of 8 μm were cut with a rotary microtome and stained with 0.6% cresyl violet acetate (Rossi et al. 2006b ). Next, the sections were examined under the microscope to identify cambium and xylem cells at different development stages.
Microscopic observations
The number of cells in the radial enlargement phase, wallthickening phase and mature phase was counted along three radial files. Cells in the cambium zone and enlargement phase were identified by thin cell walls. In spring, the onset of xylem formation was characterized by at least one row of cells in the enlargement phase in the post-cambial zone (Deslauriers et al. 2003) . The enlarging cell was defined as at least twice the size of a cambial cell. Discrimination between enlarging cells and wall-thickening cells was done under polarized light. Under the polarized light the developing secondary walls in the wallthickening phase glisten due to the arrangement of the cellulose microfibrils while cell walls in the enlargement zone do not glisten (Deslauriers et al. 2003) . Given that cresyl violet acetate can react with the lignin (Rossi et al. 2006b ), the progress of cell wall lignification was detected, as indicated by a color change from violet to blue. A homogenous blue color over the whole cell Tree Physiology Online at http://www.treephys.oxfordjournals.org wall indicates the end of lignification and the maturity of a tracheid (Gričar et al. 2005 ).
Data fitting
Given that generalized additive models (GAMs) are data driven and have been demonstrated to better describe intra-annual wood formation compared with the traditional approaches such as Gompertz function (Cuny et al. 2013) , GAMs were employed to fit the total xylem cell number. The model can be expressed as follows:
where y is the response variable (total xylem cell number), x 1 is day of the year (DOY) and f represents the smoothing function (Hastie and Tibshirani 1990) . The Possion link function is used given that the response variable is a count variable. Its derivative was further calculated to obtain the rate of cell division.
Relationship between climate and xylem development
To detect the effect of climate conditions on cambium and xylem growth, the generalized linear models were employed to quantify the potential relationships between the enlargement, wallthickening and mature cells, as well as the total xylem cells (Enlargement + Wall thickening + Mature cells), and meteorological factors mentioned in the section above. The errors are assumed to follow a Poisson distribution, and log function was used to link the expected mean cell number to the linear predictor. The model is expressed as follows:
where y is the number of cells and x represents a climate variable. In addition, the difference in cambium cell number and the total xylem cell number between SMT and DHS sites was examined using generalized linear mixed models. Also, the model was briefly formulated using Eq. (3), where the model errors are assumed to follow a Poisson distribution:
where y ij is the number of cells at week j of tree i, x ij is a categorical variable, which was coded as dummy variables, β 0 and β 1 are the fixed effects, β 1 = 0 stands for the DHS otherwise 1 for the SMT site, ε i j is the random intercept within tree i. The generalized linear (mixed) model was achieved using lme4 package (Bates et al. 2014 ) of R (R Development Core Team 2015).
Results
Cambium activity
On the first sampling date of 21 January 2015 (DOY 21) cambium cells were inactive. The inactive state at both sites was characterized by a cambium zone containing three to five cell layers and appearing narrow and surrounded by mature xylem cells formed in the previous year ( Figure 3 ). However, one to two wall-thickening cells were also observed in the previous year (2014) in two trees of each site, indicating that these the cells were still under the cell-wall lignification period during that time. Cambium cell division started on 14 February (DOY 45) in DHS and 25 February (DOY 56) in SMT when cells during the enlargement phase were observed in 50% of the monitored Tree Physiology Online at http://www.treephys.oxfordjournals.org
Wood formation during the growing season
During the enlargement phase cells were first observed on 14 February (DOY 45) in DHS and 25 February (DOY 56) in SMT. At DHS, cells during the enlargement phase increased to three to four layers between 14 February (DOY 45) and 27 March (DOY 87). A subsequent gradual decrease to one to two layers of the enlargement cells on 18 July (DOY 199) was observed. Then they increased to the peak of four to five layers on 31 October (DOY 304) and decreased until the end of growing season, i.e., at the end of December ( Figure 3B ).
In contrast, cells during the enlargement phase at SMT increased to one to two cell layers between 25 February (DOY 56) and 24 March (DOY 83) followed by a decrease to zero to one layers on 21 May (DOY 141, Figure 3B) . Next, the enlarging cell number increased slowly and fluctuated between one and three layers between 15 July (DOY 196) and 21 October (DOY 294), then decreased slowly to the inactive period the end of December.
In spring, the observed duration of the first cell from the cell enlargement phase to mature phase was 23-29 days. At DHS the first wall-thickening cell appeared when the first enlarging cell emerged, while the first wall-thickening cell appeared 1 week later after the appearance of the first enlarging cell at SMT ( Figure 3C ). The xylem cell number at DHS increased slowly until 17 October (DOY 290) and then increased quickly by the end of December. In contrast, there was less variability in the wall-thickening cells and a lower total xylem cell number at SMT during the growing season. Compared with the wall-thickening cells, a different growth pattern in mature cells at SMT was observed, which is characterized by an increase trend between 18 July (DOY 196) and the end of December ( Figure 3D ).
The total rate of xylem cell production at DHS was characterized by a low rate from February to August (<0.2 cells per day), followed by an increased rate from September to October (0.2-0.8 cells per day). As observed in October, 37% of the total xylem wood formation completed ( Figure 4C and D) . In relation to the annual rainfall pattern at DHS, 58% and 42% of the annual ring width formed during the dry (October-March) and wet (April-September) seasons, respectively. However, at SMT xylem cell production showed a slow growth rate during the first part of the growing season from February to the end of June (<0.2 cells per day) followed by an increased growth rate from 24 June to November (0.2-0.4 cells per day). From July to November, 77% of the total xylem wood formation occurred ( Figure 4D ). Afterwards, xylem formation declined gradually until the end of December. However, several cells during the cell wall lignification phase were also observed even at this stage. Overall, in agreement with annual rain pattern, 39% and 61% of the total annual ring width formed in the dry and wet season, respectively.
Results from the generalized linear mixed models showed that between the two sites the difference in the mean number of cambium cells was not significant (mean ± sd: 5.95 ± 1.65 for DHS and 5.42 ± 1.90 for SMT, respectively), whereas the total xylem cell number at DHS site (22.02 ± 23.55) was significantly higher than that at SMT site (18.37 ± 19.17, P < 0.001).
Effect of climate on intra-annual wood formation
Generalized linear mixed model results showed that temperature played a significant and positive role in regulating the number of enlargement cells at DHS. At SMT, both temperature and precipitation had significant and positive effects on the enlargement cells. In addition, temperature also had a significant and positive effect on cell wall-thickening at SMT. Overall, minimum temperature played a more important role in affecting cell enlargement and wall thickening compared with maximum temperature (Tables 1-3 ). Other climate variables including precipitation and relative humidity were not significant (data not shown).
Discussion
Wood formation of subtropical trees has been less investigated using the micro-sampling approach compared with the extrasubtropics previously. Here using the micro-sampling approach we accurately showed that the duration of the xylem formation of Chinese red pine in 2015 was 4-6 months longer compared with the temperate and boreal forests and the Mediterranean forests. We also found that these pine forests might be regulated more by net photosynthetic energy than environmental factors. This finding is contrary to the previous findings in the same ecosystems (Chen et al. 2016, Cai and Liu 2017) and the other extra-subtropical ecosystems, which are commonly limited by environmental factors such as climate (Pumijumnong and Wanyaphet 2006, Venugopal and Liangkuwang 2007) .
Cambial activity and inactive state in subtropical China
Vascular cambium is an important lateral meristem to divide in a periclinal way when favorable climate conditions meet in spring such as the certain thermal threshold, sufficient soil moisture and day length in addition to the essential plant hormones (Deslauriers et al. 2009 ). In temperate and boreal ecosystems, there is a distinct dormancy period in winter. This dormancy period consists of two stages including a physiological dormancy (also called 'rest') followed by an environmental dormancy (also called 'quiescence') (Rensing and Samuels 2004, Rohde and Bhalerao 2007) . The former is maintained by the conditions within plants while the latter is regulated by the environmental conditions. The difference between the rest and the quiescence states is that the plant under the quiescence state will grow under the favorable environmental conditions while the plant under the rest state would not grow (Riding and Little 1984) . In contrast, in tropical ecosystems an active period is often observed in winter or the wet season (Callado et al. 2013 , Bosio et al. 2016 ). However, in subtropical China a short quiescent or inactive period in wood formation of Chinese red pine was observed in January, the coldest month of the year. This quiescent or inactive period was characterized by the termination of cambium activity and the observed ongoing cell wall lignification phase in a few xylem cells. The reactivation of the cambium on the cell level is commonly defined as an increase in the number of cambial cells and the occurrence of newly formed xylem in early developmental stages (Gričar et al. 2006 . We therefore infer that this short quiescent or inactive period observed could actually be the environmental 'semidormancy' period compared with the fully active period in tropics and the distinct dormancy period in the temperate and Tree Physiology Online at http://www.treephys.oxfordjournals.org boreal zones discussed above. During this environmental 'semidormancy' period, the cambial cell division and xylem formation may be triggered immediately once the favorable climate conditions meet. To show this clearly, however, either an investigation on the cambium at the ultrastructural level (Rao and Dave 1983) or a related experiment under altered environmental variables during the inactive period is further needed to confirm whether there is an immediate growth response or a delay time required for dormancy release (Prislan et al. 2013 (Prislan et al. , 2016 . The mechanisms behind the 'semi-dormancy' can be attributed to lower temperature in January and shorter photoperiod, since there was no difference observed in the ending of cambium activity in both sites and soil moisture is sufficient. At lower latitudes photoperiod of <30 min was found to induce bud dormancy in tropical trees (Borchert and . Under the continued climate warming, subtropical Chinese red pine trees may be able to easily break this 'semidormancy' state to start cambium cell differentiation and xylem growth in January. As a consequence, an earlier onset of growth and even a year-round growth would be expected.
Spring temperature has been widely proven to be one of the main drivers triggering the onset of cambium cell division and xylem formation in the temperate and boreal forests (Rossi et al. 2007 , Huang et al. 2011 , Zhai et al. 2012 Li et al. 2016) . This process may also be promoted by a continuous supply of sucrose converted from starch reserves (Begum et al. 2007 , Gričar et al. 2007 . However, in subtropical China the cambial reactivation and xylem differentiation started in February, with the earliest date of 6 February during which air temperature was 10.50°C in SMT. A higher temperature threshold in subtropical China (7-day mean temperature of 12.2°C and 16.1°C prior to the onset of xylem growth at DHS and SMT, respectively) was hence recorded compared with the temperate and boreal forests (5 -10°C, Rossi et al. 2007 , Huang et al. 2011 , Zhai et al. 2012 ) and alpine fir (0.7 ± 0.4°C, Li et al. 2017) . In subtropical China there was abundant precipitation in February to sustain the cambium cell division as trees need water to generate turgor pressure during cell expansion and produce polysaccharides during the cell wall formation (Muller et al. 2011 , Callado et al. 2013 , Deslauriers et al. 2016 . Moreover, the onset Table 1 . Effect of climate variables on the number of cells in cell enlargement phase at Dinghushan Biosphere Reserve (DHS) sample site. Mean, maximum and minimum temperature (°C) on a 7-and 10-day duration prior to the sampling date was indicated by T7_mean, T7_max and T7_min, T10_mean, T10_max and T10_min, respectively. Significance level was at P < 0.05. Table 3 . Effect of climate variables on the number of cells in wall-thickening phase in Shimentai National Natural Reserve (SMT) sample site. Mean, maximum and minimum temperature (°C) on a 7-and 10-day duration prior to the sampling date was indicated by T7_mean, T7_max and T7_min, T10_mean, T10_max and T10_min, respectively. Significance level was at P < 0.05. Table 2 . Effect of climate variables on the number of cells in cell enlargement phase at Shimentai National Natural Reserve (SMT) sample site. Mean, maximum and minimum temperature (°C) and total precipitation (mm) on a 7-and 10-day duration prior to the sampling date was indicated by T7_mean, T7_max and T7_min, T10_mean, T10_max and T10_min, and P7 and P10, respectively. Significance level was at P < 0.05. of budburst and needle growth was observed in early February (4 February as observed). This indicates that plant hormones such as auxin (e.g., Indol-3-acetic acid) which is produced from new buds, shoots and foliage in the canopy and can be polar translocated down the stem could be sufficient to trigger the cambium cell differentiation (Fukuda 2004 , Aloni 2013 . Given precipitation and auxin are not limiting factors for triggering the onset of cambium activity and xylem formation, we infer that the threshold temperature during the early growing season in subtropical China is thus critical, as in the temperate and boreal zones documented above. During the active period, the cambial cell numbers showed a more complex annual pattern in subtropical China, indicating a flexible capacity to quickly adjust cambial activity to the current environmental conditions (Vieira et al. 2014a (Vieira et al. , 2014b . Our finding contrasts to the studies in the temperate and boreal forests where a bell-shaped annual pattern in cambium cell numbers was commonly found (Rossi et al. 2007 , Zhai et al. 2012 , Huang et al. 2014 ). However our finding is similar to the studies in the Mediterranean where a bimodal pattern of cambial activity was reported as a result of a distinct water seasonal availability (Gourlay 1995 , Borchert 1999 , Callado et al. 2013 . It is also interesting to note that no significant relationship between the meteorological factors and the cambium cells was revealed. Caution must be taken when interpreting this result given that there was 1-year data available only. A possible explanation is that cambial cell production in subtropical China might be less controlled by the environmental factors than the endogenous process. Our finding is coincident with the previous studies which documented that cambial activity in coniferous species is mostly genetically controlled under the favorable climate conditions (Creber and Chaloner 1984, Morel et al. 2015) .
Timing of onset and termination of xylem formation
Xylem growth of Chinese red pine started in mid to late February (14th in DHS and 25th in SMT, respectively) at both sites, which was much earlier than the onset timing of wood formation in April-May commonly reported in temperate and boreal forests (Deslauriers et al. 2003 , Huang et al. 2011 , Cuny et al. 2015 , Zhang et al. 2017 ) and in late March-early May often observed in the Mediterranean region (Camarero et al. 2010) . Termination of the xylem growth occurred by the end of December at both sites, which was much later than the timing of termination in September-October commonly documented in temperate and boreal zones (Deslauriers et al. 2003 , Huang et al. 2011 , Cuny et al. 2015 , Zhang et al. 2017 and in late October to mid-November recorded in the Mediterranean region (Camarero et al. 2010) . It is also noted that there is a summer (July-August) suppression of cambial activity due to a bimodel pattern of xylogenesis characterized in spring (May-June) and autumn (October-November) in the Mediterranean region (Camarero et al. 2010) . As a result, the duration of wood formation in the Mediterranean region is 180-240 days (Camarero et al. 2010 ). In addition, several dominant broadleaf species such as Castanopsis chinensis, Schima superba and Cryptocarya chinensis in China subtropics (at the DHS site) were also reported to grow throughout the whole year (Yan et al. 2012) . As a consequence, the duration of wood formation in subtropical China in 2015 was~4-6 months longer than the temperate and boreal zones and the Mediterranean region. Given that xylem growth is determined positively by both the duration of the growing season and the rate of xylem production (Rathgeber et al. 2011 , this longer growing season may partially explain why trees in China subtropical forests have better growth, which may contribute to a net carbon sink in global carbon cycles (Zhou et al. 2006 , Yan et al. 2012 , Yu et al. 2014 .
Wood formation regulated more by net photosynthetic energy than environmental factors Trees in temperate and boreal ecosystems generally show a delayed bell-shaped or unimodal pattern in cell production during the enlargement and wall thickening phases in the early growing season but in the later growing season for mature phase (Deslauriers et al. 2003 , Huang et al. 2014 , Cuny et al. 2013 . In contrast, a more complex annual pattern was observed in our study, which was characterized by a low rate of xylem cell production from the early February to the summer (June in SMT and August in DHS) followed by a high rate of cell production during the dry season. This discrepancy might be due to the fundamentally different strategies of trees to partition carbon to different organs during the growing season (Wiley and Helliker 2012 , Carbone et al. 2013 , Rocha 2013 , Huang et al. 2014 , Deslauriers et al. 2016 . In subtropical China most of the carbohydrates produced in the early season might be consumed for primary growth such as flowering, shoot and foliage growth, as fast primary growth is observed in spring. Thus a slow xylem cell production was found. Moreover, a low PAR was recorded during the monsoon season, probably resulting in a low level of carbohydrate synthesis, which may be mostly consumed for ecosystem and soil respiration , and less for stem growth.
The high rate of xylem cell production during the subsequent dry months at both sites agrees well with the previous studies that reported more carbon sequestration in the dry season or dry years than in the wet season or wet years in the same ecosystem (Yan et al. 2012 . Terrestrial ecosystems can be generally classified into two categories, including the environmentalfactor-limited and the energy-limited systems (Wei and Zhang 2010) . Contrary to the previous documentation (Chen et al. 2016, Cai and Liu 2017) , in subtropical China the total xylem production was found to be less limited by climate factors due to excess thermal and rainfall, as reflected by nonsignificant correlation with climate variables (Tables 1-3 ). Our finding coincides with a tropical study which documented that cambial activity of Tree Physiology Online at http://www.treephys.oxfordjournals.org some tropical rainforest trees was independent of the rainfall seasonality (Morel et al. 2015) . In the dry season trees could maximize the photosynthetic capability in the mild and sunny days, as indicated by the high PAR and sunshine duration in autumn ( Figure 4A ). As a result, more carbohydrates might be synthesized and allocated for stem growth ). In addition, despite the fact that significant correlations were found between few climate variables and cells in the enlargement and wall thickening phases, annual ring-width or radial growth mainly depends on the total xylem cell number and cell size, which were not climate-determined in these ecosystems, not on the wall thickening process that occurs inside of the cell wall and does not affect cell size (Zhai et al. 2012) . Hence forest ecosystems in subtropical China might be regulated more by the net photosynthetic energy than by climate factors.
Conclusion
Subtropical forests in China, including old-growth forests, play a vital role in global carbon sequestration (Zhou et al. 2006) . To clarify the mechanisms behind this, a precise investigation of intra-annual wood formation of Chinese red pine in these ecosystems was done using the micro-sampling approach during the growing season of 2015. We discovered that the cambium had an inactive period in January, which might be an environmental 'semi-dormancy' state in Chinese red pine ecosystems compared with the dormancy state in temperate and boreal forests and the active state in tropical forests. We also discovered that the duration of xylem formation of Chinese red pine from subtropical China in 2015 was 4-6 months longer compared with temperate and boreal forests as well as forests in the Mediterranean region. Coupled with a year-round growth reported in several dominant broadleaf species in China subtropics (Yan et al. 2012) , this longer growing season may partially explain why trees in China's subtropical forests bear better growth, which may contribute to a net carbon sink in global carbon cycles. Furthermore, during the growing season trees grow better in dry months rather than wet months indicating that Chinese subtropical pine ecosystems might be more strongly regulated by net photosynthetic energy than environmental (climate) factors. Whether this finding may be applicable to subtropical broadleaf species remains unsolved and merits further investigation. As an increasing number of rain-free or dry days are predicted with continued warming ), China's subtropical pine forests may benefit from the expected longer dry seasons, thereby leading to better forest growth and an improved carbon sequestration in the near future.
